Lesion-symptom mapping is a key tool in understanding the relationship between structure and function in neuroscience as it can provide objective evidence about which regions are crucial for a given process. Initial limitations with this approach were largely overcome by voxel-based lesion-symptom mapping (VLSM), a method introduced in the early 2000s, which allows for a whole-brain approach to study the association between damaged areas and behavioral impairment by applying an independent statistical test at every voxel. By doing so, this technique eliminated the need to predefine regions of interest or classify patients into groups based on arbitrary cutoff scores. VLSM has nonetheless its own limitations; chiefly, a bias towards recognizing cortical necrosis/gliosis but with poor sensitivity for detecting injury along long white matter tracts, thus ignoring cortical disconnection, which can per se lead to behavioral impairment. Here, we propose a complementary method that, instead, establishes a statistical relationship between the strength of connections between all brain regions of the brain (as defined by a standard brain atlas) and the array of behavioral performance seen in patients with brain injury: connectome-based lesion-symptom mapping (CLSM).
Introduction
For over a century, observations of patients with brain damage have shed light on the neurobiological substrates of different brain functions. The core principle of this association is as follows: if a patient with brain injury to area X is unable to perform behavior A, one can hypothesize that area X must be crucial for the execution of A. An extension of this is the double dissociation, where those with damage to area X are impaired at task A but not task B, whereas the opposite pattern is seen for individuals with injury to area Y. These observations have proved influential in our understanding of brain function. For instance, in its origins, our understanding of the neurobiological basis of language stemmed from this approach. The classic dichotomy stipulates that while lesions to Broca"s area in the left inferior frontal gyrus lead to speech production deficits [1] , damage to Wernicke"s area in the left superior temporal gyrus disrupts auditory comprehension [2] . By the same principle, the interruption of fibers connecting these two regions impairs speech repetition [3] .
With the advancement of techniques that measure brain activation (e.g. functional magnetic resonance or event-related potentials), however, we have accumulated evidence to suggest a far more complex picture of brain function [4] [5] [6] . Following the example of language, we now recognize that substantial overlap exists between the neural systems engaged during speech production and comprehension [7 8 ]. Accordingly, some of the newer models stipulate the existence of a functional core that is associated with many language processes, i.e., shared domain-specific neural systems [9] . Other authors have also suggested that specific patterns of brain activation rely on the kind of information being processed (i.e, semantic, lexical, or syntactic) rather than the modality (e.g.
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A C C E P T E D M A N U S C R I P T comprehension vs. production) [10] and more contemporary models of speech processing propose dissociable but interacting pathways that interface sensory networks with semantic-conceptual systems (a ventral stream) with motor-articulatory systems (dorsal stream) [11] [12] [13] [14] [15] .
However, while it is undisputable that brain activation techniques have expanded our understanding of complex brain functions and functional neuroimaging, there remains a crucial problem regarding the findings from functional studies: indirect measures of neural activation detected with functional neuroimaging do not necessarily reflect a direct relationship between structure and function. Areas identified by functional studies are both the ones that are crucial for the tasks, as well as those connected to crucial areas, but not indispensable. For example, while an intra-cortical recording can identify the precise location and time-course of a neuron that predicts behavior, it is unable to reveal whether this neuron is required for the behavior. On the other hand, disruption methods such as cortical stimulation or lesions can dissociate areas that are merely involved with a task from those required by the task (though we note that these techniques are best used synergistically, e.g. an recording suggests when a neuron is involved and therefore guides the stimulation which demonstrates that only disruption at this time influences behavior). One common example of this phenomenon is the activation of homologue language areas in the right hemisphere during speech production tasks [16] . While these right hemisphere regions may be involved in speech production, destruction of these regions due to stroke or surgery rarely leads to profound impairments of speech production (in start contrast to the regions in the left hemisphere). At the
A C C E P T E D M A N U S C R I P T moment, there are no discernable differences in signal quantification that can confirm which active regions are indispensable, versus those that are not.
For these reasons, there remains a gap between classic lesion-symptom mapping and functional studies. Lesion-symptom mapping is one of the few neuroscience tools that can provide objective evidence about which regions are crucial for a given process.
However, it has been largely limited in its ability to elucidate the networks that extend beyond the typical lesion site. Conversely, functional studies commonly reveal broad patterns of activation, but it is unclear which networks are indeed directly associated with a specific function. A classic example is the activation of interhemispheric structures, such as the anterior cingulate or the cuneus, during task-driven language functional studies [e.g. 17]. These areas are perfused by the anterior cerebral artery and therefore not commonly affected in individuals with language problems after an ischemic brain lesion (which are typically seen with medial cerebral artery strokes). Therefore, lesion mapping cannot determine their role in language production. Functional studies, in turn, by means of showing multiple and diverse areas of brain activity during language tasks, hinder the ability to conjecture if said areas play critical roles for specific language functions, as these assumptions are based on associations that cannot be directly tested without additional techniques or technologies. Thus, a method that could combine lesionsymptom mapping with network assessments beyond the lesion location could have a broad impact in our understanding of brain function. Here, we describe available lesionsymptom mapping techniques and describe how a novel approach, entitled connectomebased lesion symptom mapping (CLSM), can help bridge this gap. This method leverages principled and modern techniques for conventional lesion-symptom mapping, combined
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with structural connectome data, which, in turn, provides a comprehensive measure of network damage (and residual integrity) related to, and extending beyond, the stroke lesion. There are specific aspects of this technique that require careful methodological considerations in order to derive reliable data-driven conclusions, such as how to properly measure the connectome in brains with lesions, how to combine connectome and lesion data, how to approach statistical analyses, and how to assess network measures based on link weight or more advanced graph theory approaches. These are discussed below.
Lesion-symptom mapping
Conventional lesion-symptom mapping, which infers that area X must be crucial for behavior A if a person can no longer perform A after damage to brain region X, has been systematically improved since its inception more than a century ago. There were initially some caveats that limited the applicability of lesion studies in a more systematic fashion. First, earlier studies lacked an objective way to quantify lesion size and location, leading to qualitative inspections and case series reporting several patients with similar lesions who exhibited comparable clinical deficits. Second, the mere overlap of lesions across patients does not necessarily imply that the area of maximal overlap is the one required for a given function [18] . Third, when comparing the behavioral performance between controls and patients with injury to a specific brain region of interest (ROI), one may oversee the contribution to behavior that different subregions within that ROI may exert (for example, if the superior temporal gyrus is studied as a unique ROI, the separate contributions of the anterior and posterior aspects of this area to different language
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functions may go undetected). Finally, when comparing the extent of brain lesions between a group with certain behavioral impairments and another without such deficits, one must necessarily apply an often-arbitrary cut off to the outcome variable in order to classify participants into comparable groups.
In an attempt to overcome these limitations, Bates and collaborators [19] introduced voxel-based lesion symptom mapping (VLSM), which as we describe below, allowed for a whole-brain approach to study the association between damaged areas and behavioral impairment. Here, we argue that a new approach, connectome-based lesion symptom mapping (CLSM) can further complement our understanding of structurefunction relationships by providing valuable information beyond lesion localization that predicts a given behavior.
Voxel-based lesion-symptom mapping (VLSM)
The motivation behind the development of VLSM was the analysis of how damaged tissue relates to behavioral performance on a voxel-by-voxel basis, as done by functional neuroimaging. The advantage of this approach is that it can reveal specific brain regions that contribute to behavioral performance without having to a priori define which structures may be relevant or what performance scores constitutes normal vs. impaired behavior/function. This is achieved by analyzing continuous behavioral data (for example, score on the Western Aphasia Battery) on a voxel-by-voxel basis. For instance, for each voxel, a group comparison of the behavioral score is performed (e.g. by means of a t test or measures of effect size) between participants with and without a lesion in that specific voxel. By doing so, one is no longer required to predefine regions of interest with contentious boundaries or encompassing sub-regions with different
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functions. In addition, since the t-test uses the continuous behavioral scores, one does not need to classify patients into two discrete groups (those with and without an impairment) using arbitrary cutoff scores. Therefore, this method is able to capture the graded degree of impairment often seen following brain injury. This technique has been used in stroke patients to study language functions [15 20 21] , including speech fluency [19], speech comprehension [19 21], and speech production [22-24], as well as other behavioral impairments such as post-stroke swallowing difficulties [25] , somatosensory deficits [26 27 ], high level perceptual deficits [28] , and even depression [29] , among others. A summary of the techniques involved in VLSM is presented in Figure 1 .
Crucial to the interpretation of findings derived from patients with brain injury (for example, following stroke) is the fact that damage may extend beyond the area of apparent injury as seen on structural scans. Specifically, white matter damage (disconnection) may have broad ramifications outside the area of necrosis and can thus lead to remote dysfunction of apparently intact cortical lesion [30] [31] [32] [33] [34] [35] [36] . This is one of the anatomical bases for diaschisis [33 37 38] but cortical disconnection is not readily detectable by VLSM and the influence of remote cortical dysfunction on behavior is only partially examined with this approach. Furthermore, there is an inherent bias in the distribution of cortical brain lesions based on nervous system architecture/organization of vasculature which can lead to erroneously attributing crucial roles to certain areas [39 40 ], specifically those naturally prone to damage [41] . In particular, based on vascular perfusion territories, there are two important phenomena that bias statistical analyses: 1) areas that are close to the stem of the vascular territory (for example, M1 segment in the middle cerebral artery) are commonly affected and are frequently co-lesioned which
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distal crucial areas, thus leading to the inability to statistically dissociate both areas; 2) brain regions that are outside typical perfusion areas may serve a role for behavior that goes undetected; for example, the lower aspect of the temporal pole is not perfused by the middle cerebral artery, so in VLSM studies evaluating patients with middle cerebral artery strokes, this area is not included in the extent of lesion, and thus its role remains unstudied.
In addition, as VLSM applies an independent statistical test at every voxel, this method has inherently poor sensitivity for detecting injury along long white matter tracts.
While severing the tract at any location should logically lead to similar disconnection, damage at different locations generates apparent counter examples from the perspective of the mass-univariate approach. In addition, the scanning modalities typically used for VLSM are more sensitive for detecting cortical necrosis and gliosis rather than white matter disruption. As previously stated, it is well recognized that structural damage also affects white matter, and secondary white matter loss can extend to other regions beyond the post-injury (e.g. stroke) damage.
For these reasons, exploring the association between specific connectivity pathways and cognitive performance or behavior may provide complementary information to the relationship between damaged structure and function, which can be useful to better understand the role of systems integration in the neurobiology of cognition and behavior. For example, in language, the clinical characteristics of poststroke aphasia, e.g., whether receptive or expressive, are not always predicted by the location of the necrotic cortical lesion [32 42 43] . Altogether, this suggests that broader, beyond-lesion, cortical dysfunction may have a large clinical impact for at least some
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patients with damage to the brain. It also indicates that network pathology is crucial to shape the expression of clinical deficits, prompting the development of a complementary approach: connectome-based lesion-symptom mapping (CLSM). As we will argue below, CLSM can provide a more systematic assessment by evaluating brain damage as a combination of necrosis as well as disconnection. CLSM can also provide insight into networks located beyond the specific arterial perfusion territories (e.g., middle cerebral arteries) and thus reveal the importance of brain regions that are damaged but are not mapped as injured by VLSM.
Connectome-based lesion-symptom mapping (CLSM)
CLSM establishes a statistical relationship between connectome injury and behavioral performance. We employ the word "connectome" to refer to the structural framework of connections across the whole brain and we discuss CLSM here in the context of structural connectivity, but the same principles could be applied to functional connectivity. Specifically, the structural connectome provides a panorama of all medium to large scale white matter connections in the brain, i.e., it is a representation of how large populations of neurons are integrated and organized. With current techniques, the structural connectome can be derived from a combination of white matter data from diffusion-weighted MRI [for review, see 44] and high-resolution gray matter maps. The latter permits the division of the cortex into specific regions of interest (ROIs), which can be pre-defined regions based on standard criteria (e.g. brain atlases). A whole-brain connectome approach measures the strength of the connection between all possible pairs of ROIs. This can more frequently be achieved by different methods, most commonly
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either by estimating fiber count (deterministic tractography) or by means of evaluating the probability of fibers between two regions (probabilistic tractography). Regardless of the tractography method employed, a two-dimensional weighted matrix can represent the connectome, where each cell is the weight (i.e., "connection strength") between two structures. In connectomes reconstructed from deterministic tractography, the sparsity is high since many connections cannot be resolved. As such, deterministic connectome matrices are composed of a skewed distribution with many zeros and decaying prevalence of higher weight connections. Probabilistic connectome matrices, in turn, are also composed by skewed distributions with fewer links with higher weight, but the prevalence of zeros is lower. In addition, binary connectomes may be obtained from either deterministic or probabilistic tractography are also relatively sparse in that they have many connections that are either true zeros or low-weight being coded as zeros, while higher weight connections are counted as ones based on a predefined critical threshold.
Based on the above, it becomes evident that connectomes can contain information that is different in quality (continuous, binary, or skewed) depending on the choice that was used to best represent the data. This is typically a choice by the investigators depending on the quality (number of directions, number of shells) of the diffusion scan, the degree of confidence on the tractography algorithm to resolve complex anatomy, and the ability to process probabilistic tractography in parallel. As such, the statistical analysis being applied in CLSM has to take into account the type of data that are being included in the model. Our standard approach has been to use probabilistic tractography, since it yields a continuous measure of probability in terms of link weight that is amenable to linear models, including applications such as support vector machine (SVM). Because link weight is a continuous measure, the general linear model (GLM) can be employed to establish the statistical relationship with the continuous behavioral variable in order to identify connections that are crucial for a given function. It is also possible to define a weight threshold to determine the presence or absence of significant connections, yielding a "binary connectome" that can also undergo GLM to compute an association with behavioral performance. A summary of the steps used to build the connectome is presented in Box 1 and in Figure 2 .
Box 1. How to build the connectome in stroke survivors?
Brain injury can lead to significant neuroanatomical distortions that pose a significant challenge for neuroimaging post-processing, particularly regarding spatial normalization and tissue segmentation. These are necessary procedures during the reconstruction of the brain connectome and this section describes a step-by-step approach to construct the connectome of individuals who survived stroke and have brain lesions secondary to post ischemic necrosis. First, the raw MR images, typically available in the DICOM format must be converted to NIfTI format popular with scientists. It is important to choose a conversion that is able to extract and transform the diffusion gradient table [45] . The next step is to obtain probabilistic gray and white matter maps, which will be used to define gray matter regions of interest and white matter masks for tractography. Conventional
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cortical segmentation programs have been designed for non-lesioned brains and they typically lead to gross errors when processing brains with tissue damage. For this reason, it is essential to employ a tool that has been optimized for lesion brains, particularly stroke survivors. The "Clinical Toolbox" is an extension of the Statistical Parametric Mapping (SPM) software, which was developed by our group [46] in order to optimize the segmentation and registration of brains with distorted anatomy due to large lesions.
This processes requires a manually traced mask of the area of injury, which is typically drawn on T2-weighted or T1-weighted images. The lesion mask is used to minimize the impact of the lesion on the normalization estimates, either via explicit masking [47] or by substituting healthy tissue for homologous regions of the intact hemisphere [48] . This yields transformation matrices for normalization into standard stereotaxic space (MNI space) and vice versa. Normalization and tissue segmentation are performed iteratively, generating probabilistic tissue maps in native T1 and standard MNI space. Once transformations matrices are obtained, a neuroanatomical atlas, e.g., Automated
Anatomical Labeling [49 50 ] can be non-linearly registered onto the probabilistic gray matter map (in native T1 space) and used to divide the gray matter into ROIs.
Subsequently, the ROIs generated from the previous step, as well as the white matter map, are moved to B0 space. To achieve this, the T1-weighted image can be registered to an inverted fractional anisotropy (FA) map. Alternatively, if T2-weighted image is available, it can be linearly co-registered onto the native T1 image and then linearly transformed to the B0 image. The transformation matrices are subsequently applied to the map of segmented ROIs and to the white matter probabilistic tissue map, yielding cortical ROIs and white matter maps in DWI space. With all data in diffusion space, either a
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probabilistic or a deterministic DTI algorithm can now be applied to determine the strength of all pairwise connections between all ROIs. This strength is either the probability that two ROIs are connected (probabilistic approach) or the number of streamlines with a correction that accounts for distance travelled and the volumes of the ROIs involved (deterministic approach). With a matrix of link strengths, CLSM is performed by assessing link or node wise statistics. Furthermore, graph theory measures can be derived from this matrix to characterize global and regional aspects of the patient"s connectome.
The whole-brain CLSM approach has the potential to identify key connections for behavior independently of a priori assumptions. For example, we have recently [51] shown how CLSM can unveil connections between brain regions that contribute to specific language functions otherwise not predicted by VLSM. Specifically, we showed connections involving parietal regions that contribute to auditory comprehension and a connection between the pars orbitalis and the dorsal part of the middle frontal gyrus crucial for speech repetition. CLSM can also help explain clinical outcomes (e.g. success of epilepsy surgery or likelihood of improving post-stroke anomia with speech therapy) that may be dependent on the integrity of white matter tracts beyond cortical sparing [52 53 ]. The flexible nature of what "behavioral data" are used for CLSM (e.g. test performance, or clinical diagnosis, or outcome, or any other quantifiable variable) gives this approach the potential to be applicable across a wide array of neurological and psychiatric diseases as well as cognitive functions [e.g. 54] and behavioral domains.
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What is more, complementary to CLSM, the structural connectome matrices can be modeled using frameworks such as graph theory in order to characterize their global and regional properties. For example, one can examine the network"s efficiency, its organization into modules or motifs, and even determine the influence that specific regions exert on the whole network. Exploring some of these measures and how they relate to behavioral outcomes has the potential to provide valuable clinical and theoretical information. For instance, if CLSM reveals that the connection between brain regions Y and Z is critical for behavior A, understanding the influence that Y and Z exert on the network (e.g., by means of graph theory measure "betweeness-centrality") can be important for understanding structural-functional relations as well as for clinical prognosis and development of tailored rehabilitation interventions in the future.
Alternative to CLSM, which focuses on fiber tractography between all ROIs defined by a cortical (i.e., grey matter) atlas, a number of methods have been developed that rely directly on white matter atlases [55 56 ]. For example, white matter bundle analysis relies on a predefined tractography atlas based on a priori anatomical knowledge of white matter pathways [57] , such as the arcuate fasciculus, the superior longitudinal fasciculus, and so forth [for example, see 58 59 60] . Analogous methods identify pathways based on DTI metrics (e.g. variations in functional anisotropy), either by still requiring predefined known white matter bundles [e.g. 61] or by aligning DTI from multiple patients onto a single common space to infer a tract "skeleton" that represents the center of all tracts common to the pooled group [62] . These types of approach require a homogeneous distribution of links across subjects, and they can both underestimate link weights (e.g. by not including fibers running in parallel) and overestimate link weights
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(e.g. by counting fibers that happen to be overlap with a specific predefined tract location on their way from one structure to another). This is likely prone to error in cases of damaged brains, with large variability in residual white matter connections. In favor of this approachspecifically in the context of injured brainshowever, is the fact that probabilistic white matter maps can constraint tractography, thus limiting errors.
Furthermore, CLSM estimatesfor each link weightthe fibers going between two specific ROIs. In contrast, these white matter bundle approaches can possibly provide information about pathways with uncertain origins (i.e., with clear approximate white matter location but without knowing exactly what cortical regions those tracts are connecting), which have been useful in several aspects of cognition, most notably language functions [e.g. 57 63 ].
It should be emphasized that tractography in lesioned brains (i.e., with gliosis and liquefative necrosis) is not as well validated as tractography in brains without neurological disorders. In fact, lack of validation is a limitation that still applies to many other techniques, including functional MRI in the context of aging and cerebrovascular risk factors (such as hypertension, diabetes and hypercholesterolemia) due to changes in cardiac output, atherosclerosis, microangiopathic burden and hemodynamic coupling.
Every neuroimaging method has its limitations and CLSM results should be interpreted with caution in the context of the shortcomings of tractography. We believe that special attention should be placed to maximize the sensitivity and specificity of fiber 
Conclusions
Lesion symptom mapping is a very powerful approach in furthering our understanding of the neurobiological basis of behavior and can reveal a more direct relationship between structure and function than activation techniques. The emergence of
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VLSM initially eliminated the need to predefine regions of interest or classify patients into groups based on arbitrary cutoff scores. It also enabled an objective and quantifiable way to statistically evaluate the relationship between brain structure and behavioral function. However, brain damage may extend well beyond the area of apparent grey matter injury, and behavioral impairment may come about from changes to the white matter tracts that provide the scaffolding for brain function. CLSM is a whole-brain approach that seeks to establish a statistical relationship between the strength of connections between all brain regions of the brain (as defined by a standard brain atlas or by discrete units as small as a voxel) and the array of behavioral performance seen in patients with brain injury. CLSM can therefore provide valuable complementary information based on lesion-symptom mapping less constrained by cortical injury. 
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
Highlights  Lesion-symptom mapping has been crucial to understand brain-function relations  VLSM eliminated the need to predefine regions of interest or biased patient groups.  Main limitations of VLSM relate cortical necrosis/gliosis and white matter tracts  CLSM can identify key connections for behavior independently of a priori assumptions  CLSM has applicability across several neurological and psychiatric diseases
